ABSTRACT
INTRODUCTION
The field-oriented control technique has been widely used when high-performance rotary machine drive is required, especially the indirect field oriented control (IFOC) which is one of the most effective vector control of IM due to the simplicity of designing and implementation [1] . Advent of high switching frequency PWM inverters has made it possible to apply sophisticated control strategies to AC motor drives. The space vector modulation (SVM) technique has become one of the most important PWM methods. It appears to be the best alternative for a three phase switching power converter because it provides an optimization of converter operation; reducing the commutations of the power semiconductor, does not generate subharmonic components, with capacity about 90.6% of DC link exploitation, and it becomes the best technique to reduce the ripple in the torque signal [2] .
However the classical proportional-integral and derivative (PID) controller's which are the main control tool being used in AC machine drives, have major drawbacks that are the sensitivity to the system-parameters variations and bad rejection of external disturbances. To surmount these drawbacks and improve the induction motor control techniques, a set of papers are presented in the literature, we cite as non exhaustive examples; the fuzzy and neuro-fuzzy control [3, 4] , the neural network control [5] , the sliding mode control [6] , and the neuro-fuzzy-sliding mode control [7] .
All of aforementioned techniques present a good performances, but in term of fast response and robustness against uncertainties including; parametric variations, external disturbance rejection, and unmodelled dynamics, the sliding mode controllers is computationally simple compared to adaptive controllers with parameter estimation and have the advantage and best high results that leads to the improvement of IM control [8] .
The SMC was firstly investigated for electric motors by Utkin [9] , its design method is generally based on two steps, first, the selection of an appropriate sliding surface, and second, the synthesis of a control law such that a reaching condition is satisfied which makes the selected surface attractive, then, that evolves two modes; reaching mode and sliding mode. Nevertheless, before attaining the sliding surface (i.e. reaching mode), the system cannot dominate the variations in parameters and external disturbances, thus making weak robustness of the system [10] .
It is a well known opinion that the major drawback of sliding mode control is the chattering phenomenon. The chattering consists of the oscillation of the control signal, tied to the discontinuous nature of the control law, at a frequency and amplitude which cannot be tolerated in some practical applications, especially mechanical and electro-mechanical ones, also this harmful phenomenon, is caused by unmodeled dynamics or discrete time implementation [11] . A large number of works deals to reduce the chattering have been developed, first of them consist of a soft continuous approximation of the discontinuous law, when boundary layer of definite width on both sides of sliding plane is introduced [12] , This method can give a chattering reduction system but a finite steady state error must exist, other works introduce new switching surfaces; as nonlinear and time-varying parabolic sliding surface to improve the discontinuous control law part of a classical sliding mode controller [13] , also in [14] , the proposed modification consists in modifying the sliding surface using fuzzy rules. These structures make the implementation of controller more complex and affect system convergence to the surface.
The approach, called higher order SMC, has been proposed in order to reduce the chattering phenomenon. Instead of influencing the first sliding variable time derivative, the signum function acts on its higher order time derivative, then the chattering problem is avoided by removing discontinuity from control input. The papers proposed second, and high order controllers respectively in [15, 16] but, in spite of chattering attenuation, such methods are overly complex and difficult to implement in practice.
Besides of these works, in last decade a new concept called Reaching Law Method (RLC) had been introduced in sliding mode control [17] . In this method the error dynamics is specified in the reaching mode, with selecting appropriately parameters both the dynamic quality of the SMC system can be controlled and the chattering is removed. Many researchers pay attention to this approach. In [18] authors has applied constant plus proportional rate RLC used in [17] for Permanent Magnet Synchronous Motors PMSM drive system. The results showed that, the proposed method gave fast speed response time, with good rejection of disturbances, but the robustness of the system against parametric uncertainties was not considered. In [19] authors propose an improvement of power rate RLC of the article [17] , according the distance between the initial states and the sliding surface, the system states can reach the switching surface fast when far away from it, and the speed slow down when the states enter into certain scope. The proposed method gives the system more rapidness and the dynamic system without high frequency chattering has been achieved.
The main aim of this study is to investigate the RLC method in vector-controlled IM for speed and position control system based on new exponential reaching law (ERL) that satisfy the condition of stability according to Lyapunov theorem. This method was applied successfully for robot arm in [20] . This paper is organized as follows; the dynamic model of induction motor and description of field-oriented control are given in Section 2, Details of sliding-mode controllers design is given in Section 4, In Section 5, we have focused interest on the theoretical of the proposed method. This work will be completed by a simulation in Section 6, and finally, some concluding remarks are given in Section 7.
FIELD ORIENTED CONTROL OF IM

Dynamic Model of Induction Motor
The 
is the total leakage factor, ω s is the synchronously rotating angular speed, ω is the electrical angular speed of the rotor, and
is the slip frequency. Moreover, the electromagnetic torque T e can be expressed in terms of stator currents and rotor flux linkages as:
where p is pole pair number.
The motional equation of IM is described as:
Where J is the moment of inertia, T L is the load torque, f v is the viscous friction coefficient, and
is the mechanical rotor speed.
Description of Indirect Field-Oriented Control
The principle of indirect field-oriented control system of an induction motor is that the d-q coordinate's reference frame is locked to the rotor flux vector, this results in a decoupling of the variables so that flux and torque can be separately controlled by stator direct-axis current i sd , and quadrature-axis current i sq , respectively, like in the separately excited dc machine. To perform the alignment on a reference frame revolving with the rotor flux requires information on the modulus and position of the rotor flux. 
Where T r =L r /R r is the rotor time constant.
The electromagnetic torque and the synchronous angular speed can be expressed then as:
The position is determined then as follows: 
SLIDING MODE CONTROLLERS
The transient dynamic response of the system is dependent on the selection of the sliding surfaces. four sliding surfaces are defined, S Ω for speed controller, S θ for position controller, S d and S q for direct and quadratic currents controllers respectively. First, let design the new exponential reaching law.
Design of the Exponential Reaching Law (ERL)
Since the conventional SMC may not handle internal and external uncertainties during the reaching mode, the introduction of exponential approach in IRFOC method guarantees sliding behavior throughout entire response.
In the RLC approach, a difference equation that specifies the dynamic of the switching function is first chosen:
The term -k force the state to steer toward the chosen surface rapidly when S is large in a finite time given by:
It is obvious that, increasing k leads to a shorter time of reaching mode. However, one must take into consideration when determining the coefficient k, because large values induce high frequency oscillations.
According to [20] , an exponential term of reaching law is proposed which can adapt to the variations of the switching function. This is given by:
Where: 
From (12) it can be seen that, for larger values of |S|, N(S) tends δ 0 and then k/N(S) converge to k/δ 0 which is greater than k. Otherwise, if |S| decrease, N(S) approaches one, and converge to k. This means that, in the first case, the convergence toward the sliding surface will be faster, and in second cases, k/N(S) decreases gradually, which limit the chattering. From this analysis, one can see that, the proposed ERL approach is adaptive to the variations of the switching surfaces.
Moreover, in proposed ERL approach, the time to reach the sliding surfaces is shorter than conventional SMC given in (10), indeed, let ‫ݐ‬ ᇱ define the reaching time, integrating (11) between zero and ‫ݐ‬ ᇱ yield: This demonstration shows that, reaching speed in the proposed ERL is increased for the same gain k, in other hand, for the same reaching time the proposed approach reduces chattering (because k is smaller).
Thus, the control law in Equation (9) may be sensitive to uncertainties and disturbances acting on the system during the reaching phase. Therefore, it may be adjusted to improve the system performance.
For more details on how to choose the ERL parameters see [20] .
Design of Speed Controller
We choose integral sliding surface [21] :
Where k Ω is a negative constant.
Considering the mechanical equation we have:
Where:
and ) (
• is the derivative. Now, we consider the previous mechanical equation with uncertainties as follows:
Where the terms ∆a, ∆f 1 , ∆b are the uncertainties of the terms a, f 1 and b respectively. 
The command u(t) is defined by:
Where β is the switching gain, it must be chosen so that 
Design of Current Controllers
Precise and fast current control is essential to achieve high static and dynamic performance for the IRFOC of induction motors. If the stator currents are not adjusted precisely and with fast dynamics to the command values, cross coupling will appear between the motor torque and rotor flux. Thus, the performance of the IRFOC degrades.
The current controllers design uses two sliding surfaces for d-axis and q-axis stator currents respectively defined as: Its time derivative is:
From Lyapunov theorem we know that if
• V is negative definite, the system trajectory will be driven and attracted toward the sliding surface and remain sliding on it until the origin is reached asymptotically.
The control inputs 
v sdn and v sqn are the discontinuous control law which forces the system to move on the sliding surface.
Where K id , K iq , are a positives constants, representing the maximum controller output required to overcome parameters uncertainties and disturbances [9] . And sign is the signum function.
If we choose the sign function as usually, there will be large chatter in the output. This problem can be remedied by using a continuous function in the sliding surface neighbourhood, as usually doing in the variable structure control, that is:
Where the constant factor ε defines the thickness of the boundary layer and Sat is the saturation function.
Position Control of IM
The position error is defined as follows:
when the sliding surface is given by:
The motional equation (18) can be rewritten:
Then:
For ܵ ሶ ఏ = 0, we drive the equivalent control as:
The discontinues control is:
Where k θ is a positive gain. The sign function is replaced by Sat as in (36).
SIMULATION RESULTS
In order to verify the performances of the proposed ERL method the block diagram of the IM drive shown in Figure 2 , was simulated in Matlab/Simulink. According to [22] , the induction motor used is a three phase, Y connected, four poles, 3 kW, 1415 rpm/s, 220/380V, 6.9A, 50Hz. 
Speed Performance Analysis
The values of the SMC and ERL parameters are in the following;
The test is designed for speed regulation with multiple step commands, starting without load and with disturbance application (T L =10 Nm) at t= 0.65s. On the results shown in Figure 3 one can see a high performance speed response obtained despite the disturbance, and the electromagnetic torque rises to its reference instantly after the transients. From the rotor flux waveforms, it is obvious that the ideal IRFOC is achieved in all working conditions.
Position Performance Analysis
The position tracking control is tested with rectangular waveform reference limited at θ * = ± 240°, starting at t=0.5s with no-load and when the disturbance is applied at t=0.6s. And the SMC parameters are; k θ = 20, λ=13.85, k id =150, k iq =150. The ERL parameters are the same as previous. The results depicted on Figure 4 , show a very high performance tracking control without overshoot or steady-state error even after applying of the load torque on the motor shaft. We can also see the rotor flux components which fully maintained the principle of the IRFOC.
Parameters Uncertainties Tests
The robustness of the method is now considered when a step variation about 70% of nominal rotor resistance value is introduced at t=0.7s, and for different values on moment of inertia. The Figure 5 and Figure 6 , shows that the behavior of the controller is insensitive to these parameters uncertainties for both speed and position control. 
CONCLUSIONS
In this study, a new approach of robust IM control was given to improve the discontinuous control law part of a classical sliding mode controller. The results have shown that the proposed method improves the system transient response and lessens the effect of disturbances as it decreases the reaching time. The distinctive feature of the scheme compared to conventional SMC, is its robustness and high tracking performance to different commands values and parameter mismatch for both position and speed control without chattering suffering. The simulation results confirm the effectiveness of the proposed ERL control approach. 
